Abstract-One way to get more power out of the generator in a power plant is by implement a power uprating, however it is required design review especially for thermal characteristic of generator in order to prevent over heat and heat concentration point which can lead to the failure of insulation systems. In this study, thermal characteristics of 400 MW Generator due to power uprating had been analyzed using numerical simulation based on finite element. Case study was conducted on the generator of SURALAYA Coal Fired Power Plant in Indonesia based on the three conditions, i.e. existing condition, 5% and 7% uprating. Based on simulation results, the temperature distribution in the generator was able to be represented in detail in every segment where there was no indication of heat concentration point or hotspot on the generator. The increasing temperatures on winding due to the 5% and 7% uprating were respectively 29.9 º C and 31.1 º C by the largest error ± 3.33%.
I. INTRODUCTION
One of the considerations in many power plants is how they get more power out of their existing equipment. In many cases, some equipment may be capable of a 5% increase in power output or uprating, because the margin already exists [1] . For generators, one way to uprating is to the make full use of any margin that exists to raise the field current and thereby increase the power output, but the consequences will raise the temperature and stress on probably all of the generator components, and primarily on the copper winding and insulations. According to Azizi et al. [2] , the troubles initiated in the insulation are one of the primary root causes of failures of electric machines because one-third of the forced outages of large generators in generating stations and industrial plants are the caused by the failure of insulation systems. In some cases, most of generators may be able to handle the increasing temperature by modifying the cooling system. For large generator with a cooling system using hydrogen, the modification can be done by increasing the hydrogen pressure inside the machine, but the method is limited by the strength of other components for example Manuscript received May 19, 2015 ; revised January 10, 2016. This work was motivated by a memorandum of understanding (MoU) which has been implemented by the Indonesian Institute of Sciences (LIPI) and PT. Indonesia Power in the fields of research and development of electricity on November 7, 2011 casings or hydrogen seals [3] . Therefore, thermal analysis is needed to determine the effect on the increasing of hydrogen pressure in the cooling system. In addition, temperature distribution analysis is highly necessary to ensure there is no heat concentration point or hotspot that might cause damage to the insulation on the winding or demagnetization.
Since the ability and speed of modern computers has increased rapidly and allows to run the calculations in a relatively short time, the thermal analysis of electric machines has become an interesting research field for both industry and investigators to improve the cooling performance and to enhance the efficiency of electric machine. In order to predict precisely the thermal characteristics of electric machines, thermal analysis can be divided into two methods: Lumped Parameter Thermal Model (LPTM) and numerical method. The LPTM is the main tool for a fast yet accurate thermal analysis. However, a common drawback to this approach can make it useless to a designer, because there is a need for experimental data in order to tune parameters that are very important in order to obtain accurate results [4] . It is of common practice in thermal modeling of electric machine to use the lumped thermal method, however if higher level of detail is required, it needs to use the more refined methods like numerical method based on finite element or finite difference. These types of methods can give a highly accurate and clear view of the temperature distribution within the electric machine [5] . Based on these advantages, numerical method has been applied to assist in analyzing the thermal characteristics of some electric machine: micro gas turbine generator [6] , switched reluctance generator [7] , large ring motor for mining industry [8] , Permanent magnet generator for large direct-drive wind turbines [9] , and axial-flux permanent magnet generator [10] . This paper considers the thermal analysis on a 400 MW hydrogen cooled generator using numerical method based on finite element. The study was conducted on the generator in SURALAYA Coal Fired Power Plant, in Indonesia as one of the important aspects required in the planning for uprating or increasing the power output of generator. Thermal analysis is focused to determine its influence on the increasing of hydrogen pressure in the generator cooling system. In addition, the temperature distribution on the generator was studied to ensure there is no heat concentration point or hotspot that might cause damage to the insulation or demagnetization. 
II. MATERIALS AND METHODS

A. Generator Main Characteristics
B. Losses Calculations
According to Ohyama et al. [11] , heat in generator is produced by total losses which comes from copper or winding losses (P cu ), core losses (P core ) and rotational losses (P rot ). Those losses are then dissipated to all parts of the machine. At the generator, winding/copper losses, P cu are generated due to resistances of the coil or winding that generates heat effects as the conversion of electric energy. Winding losses can be mentioned using the following equation [12] : (1) where m = phase number, R a = winding resistance per phase (Ω), and I = phase current (A).
Core losses, P core are the sum of hysteresis loss and eddy current loss. Core losses can be represented by the following equation [11] :
where C h = coefficient of hysteresis loss = 0.025, C e = coefficient of eddy current loss = 7.9365e-5, a and b are constants which depend on the stator material (for soft magnetic/silicon steel, a = 1.8317 and b = -0.0035). f = frequency, and B p is sinusoidal peak of the flux density. Rotational losses P rot consist of friction and windage losses, the rotational losses can be calculated using the following equation [11] :
Friction loss is computed using equation: (4) where k fb is the constant of bearing friction with the approximation of 1-3, W r = weight of the rotor (kg) and n = rotational velocity (rpm). Meanwhile, wind losses P wind are computed using equation: (5) where D r = outer diameter of the rotor (m) dan L en = length of stator lamination (m).
C. Heat Transfer Mechanism
The source of heat in generator is dissipated to all parts of the machine following the pattern of radial heat flow or in the same direction as the generator radial axis and circumpherential heat flow or upright to the generator radial axis as shown in Fig. 1 . For a 2-D thermal analysis, axial heat flow which goes towards the same direction as the axis of generator shaft can be neglected. In general the equation for heat transfer is based on the principle of energy conservation postulating that the network generated equals to the sum of heat produced and energy alteration stored in the system. Mathematically it can be written as follows [13] :
where q is the heat conduction, Q is the heat generated in the system, δe/δt the change in internal energy. q is derived from Fourier law as heat conduction, namely:
Therefore, heat transfer on a solid material can be stated in a partial differential equation as follows [13] :
where k is thermal conductivity, C p is specific heat capacity, ρ is density, Q is rate of the heat which is generated per volume, and T is distribution of the predetermined temperature. In addition to conduction, heat can be transferred through convection and radiation. Computation of convection heat transfer is more complicated due to involvement of fluid movement and conductive heat. Newton gives a theory that heat transfer that passing thru a certain area is in accordance with the temperature difference of solid fluid. Temperature difference normally occurs through fluid borders located close to the solid surface. The Newton equation can be stated as follows [13] - [15] :
For natural convection, coefficient of the convection from the air is approximately between 6-30 W/m 2 º C and for force convection, it is around 30-300 W/m 2 º C [16] . For heat transfer by radiation, it occurs from or to the surface surrounded by parallel air with convection between the air and surface. Therefore, the total heat transfer is determined by adding the contribution of those two heat transfer mechanisms. Heat transfer by radiation can be computed using following equation [13] - [15] :
From the equation above, coefficient of the radiation heat transfer, h r , can be determined as follows:
As the result, the total of heat losses in the generator due to convection and radiation, Q cr is as follows:
During thermal analysis using finite element, heat transfer effects caused by radiation is simply ignored due to the high emissions of copper material and silicon steel inside the stator generator, which respectively are 0.63 and 0.7 [13] . Then, material properties of the generator components associated with thermal analysis can be seen in Table II. 
D. Finite Element Simulation
Thermal analysis and temperature distribution on the generator is carried out using numerical method based on the finite element (FEM). This method is able to give the approximation of unknown values on some discrete points of a continuum by dividing the continuum into smaller elements interconnected to each other at a certain common point of two or more elements (nodal points or nodes) with limited number (finite element) from a simpler geometry than the previous continuum [18] , [19] . In this study, FEMM 4.2 was used as one of FEM software based on open source. Specifically, FEMM 4.2 discretizes the problem domain using triangular elements as shown in Fig. 2 .
Over each element, the solution is approximated by a linear interpolation of the values of potential at the three vertices of the triangle. The linear algebra problem is formed by minimizing a measure of the error between the exact differential equation and the approximate differential equation as written in terms of the linear functions. The simulation procedures using FEMM 4.2 consist of geometric modeling, material definition, setting of boundary condition, meshing or discretization and presenting the results. In geometric modelling, geometry of the generator is modelled into a quarter of segment of the 2D-generator, because the other parts of segments are symmetrical. The types of materials is previously defined in Table II are then correlated to the accordingly segments as depicted in material boundary. There are two boundary conditions that are used in simulation. The first is the heat flux as a source of heat generated from the calculation of losses in the generator (P rot , P cu , and P core ) and the second is the convection boundary conditions that are applied to the area or boundaries related to the cooling temperature. The boundary conditions, geometry and material boundary are shown in Fig. 3 . The next step in simulation is meshing. In meshing, the smaller the element, the more accurate result of simulation will be. The capability in defining the number of elements is greatly influenced by the capability/specification of not only Fig. 4 .
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E. Heat Removal Calculation
The cooling of the armature winding is dependent on a number of factors: cooling medium (air, hydrogen, water); insulation thickness; and overall electrical losses. Table III illustrates a relative heat removal capability improves from air to hydrogen, with increased hydrogen pressure, and even more significant with the use of water cooling [20] . In this study, thermal analysis on the generator using finite element simulation based approach using air cooling system. Then the simulation results calculated linearly based on the data of cooling using hydrogen at a predetermined pressure. Finite element simulations performed on the existing condition, 5% and 7% uprating, where each condition were analyzed using air cooling systems and hydrogen. 
III. RESULTS AND DISCUSSION
The main source of heat in generator is produced from the windings located at stator's lamination, and dissipated to all parts of the machine. By adding the influence of the other losses, the losses calculation results according to eq. (1) to (5) based on existing conditions, 5% and 7% uprating can be shown in Table IV The results of losses calculation is then used as an input data for finite element simulation. Thermal simulation was performed for two conditions, i.e. without cooling (natural air convection) and air force convection. Then the calculation results of heat removal in the generator cooling are correlated by actual cooling using hydrogen. The applied boundary conditions consist of a heat source generator based on losses (windage, core and rotational) and cooling system. Assuming an average ambient temperature of the power plant at 35 º C, the temperature distribution on the generators of finite element simulation results without cooling or natural convection to all three condition can be shown in Fig.. Temperature distribution represented in a 2-dimensions form for call now generator segment and it can be seen that no heat concentration or hotspot exists for both conditions. Every segment receives generators are relatively the same temperature flow (evenly). The results of thermal simulation results using air cooling system is used as input for the analysis of heat removal using actual hydrogen cooling system. Based on Table III, the approximate relative heat removal using hydrogen cooling is 3.10 bar which has a cooling capacity of as much as four times better when compared by air cooling. Therefore, if the calculations are carried out according to data from the thermal simulation results, the ratio of heat removal in the stator winding for all the three cases using some type of cooling system can be shown in Table IV . To validate the numerical simulations using actual conditions, the temperature of the components in particular generator coil is then compared by actual conditions in accordance by generator operating data on existing conditions and maximum power. Based on the operating data from the control room of the power plant, there are 6 thermocouple sensors mounted on 6 locations of the coil / winding, where the average winding temperature has a value 1.47 º C or International Journal of Materials, Mechanics and Manufacturing, Vol. 5, No. 2, May 2017 0.42% lower than the coil temperature simulation results on the same conditions or existing. However, the maximum temperature that occurs in the sixth position of the coil (Coil 1) is 11.7 º C or 3.33% higher than the simulation results. In order to eliminate the risk of insulation failure, the maximum actual temperature on the existing condition is used as a reference for existing coil temperature, and the estimation of the raising temperature associated with 5% and 7% uprating with the same cooling conditions at hydrogen pressure of 3.10 bar is based on the simulation results by the maximum error of ± 3:33%. Therefore it can be concluded that the raising temperature on winding due to the 5% and 7% uprating is 29.9 º C and 31.1 º C respectively by the largest error ± 3:33%. IV. CONCLUSION Thermal analysis using finite element methods shows temperature distribution in generator accurately and detail in every segment of the generator. Based on the simulation results, there was no indication of heat concentration point or hotspot on the generator. The increasing temperatures on winding due to the 5% and 7% uprating were respectively 29.9 º C and 31.1 º C by the largest error ± 3.33%. Thermal studies using a computational fluid dynamic (CFD) technique is recommended for further study in an attempt to obtain more accurate results, therefore the interaction between the cooling fluids and heat sources on the generator can be analyzed dynamically.
